OBJECTIVES: Although the current surgical approach of tetralogy of Fallot (TOF) is primary complete repair in infancy, late diagnosis and lack of surgical facilities in developing countries may delay surgical treatment. Some of these patients exposed to prolonged chronic hypoxaemia are transferred to more privileged countries to undergo surgical repair with the support of non-governmental organizations. The objective of this single-centre retrospective study was to compare the postoperative outcomes of these foreign patients undergoing delayed repair with those of patients born in France undergoing timely repair during the same time period.
INTRODUCTION
Tetralogy of Fallot (TOF) represents 5-7% of all congenital cardiac lesions and is the most common form of cyanotic congenital heart disease. Since the first creation of a systemic-to-pulmonary shunt by Alfred Blalock in 1944, followed by the first complete repair by C. Walton Lillehei a decade later, the surgical strategy has evolved considerably over the years. In the 1950s and the 1960s, the accepted approach was a two-stage repair, with an initial systemic-topulmonary shunt followed by complete repair at a later age. The introduction of deep hypothermia with circulatory arrest provided the ability to perform primary repair even in the young infant, advocated by Castaneda et al. [1] in the late 1970s. Advantages of early anatomical repair include alleviation of cyanotic end organ damage, preservation of myocardial function, removal of the stimulus for right ventricular hypertrophy and fibrosis, reduction in the incidence of arrhythmias, promotion of pulmonary artery growth and lung development and minimization of the psychosocial impact of the disease on the patient and his family. Even if controversy still exists as to the optimal timing of repair, currently the most common surgical approach for TOF is primary complete repair in infancy, if not in the neonatal period [2] [3] [4] . However, the studies validating this approach span large periods of time, and different outcomes might thus reflect not only different age at surgery, but also advances in multiple areas of treatment.
In developing countries, diagnosis is often delayed and there is limited availability of surgical centres, precluding this surgical strategy. With the support of non-governmental, non-profit organizations, children from these countries are sometimes transferred to more privileged countries to undergo surgery in later childhood. Surgical repair of TOF in children from developing countries has been performed in our centre for almost a decade. These patients are significantly older than the ones with similar lesions born in France, who usually undergo elective repair in infancy. This setting provides a unique opportunity to analyse age-related outcomes with minimal centre and era effects. Based on the physiological rationale underlying early primary repair strategies, we hypothesized that late surgery in foreign children was associated with increased postoperative morbidity and mortality.
The objective of this single-centre retrospective study was to evaluate the postoperative outcomes of patients from developing countries undergoing late surgical repair of TOF in a French surgical centre, and to compare them with those of patients born in France undergoing elective repair during the same time period.
MATERIALS AND METHODS
The CHU of Nantes, Division of Pediatric Cardiology, computer database was searched for all cases of TOF in foreign patients younger than 15 years of age, supported by either La Chaîne de l'Espoir or Mécénat Chirurgie Cardiaque, two non-profit organizations, who underwent complete repair between January 2007 and December 2013. The control population consisted of the patients with TOF, born and followed in France, who underwent complete repair in our institution during the same time period. The protocol in our centre is to perform elective repair of TOF around 6 months of age. In infants who are symptomatic before that age, the protocol shifted during the period of the study from a palliative Blalock-Taussig (BT) shunt or percutaneous pulmonary valvuloplasty to primary repair regardless of the age. Patients with pulmonary atresia or absent pulmonary valve syndrome were excluded. Children with genetic disorders were not excluded.
Repair of TOF in its isolated form was identified in 47 consecutive foreign children and 90 French patients who underwent complete repair of TOF during the study period. These children are the subjects of this report. Data were obtained from hospital records, clinical records, echocardiographic, operative and catheterization reports and referring physician notes. The data reviewed are listed in Table 1 .
Cardiac diagnosis was based on transthoracic echocardiography, or foetal echocardiography, in some of the control patients. If deemed necessary, cardiac catheterization and/or cardiac CT imaging were used to further elucidate the anatomy of the pulmonary arteries and to define the presence of large systemic-topulmonary connections. All repairs were performed through median sternotomy using cardiopulmonary bypass, in normothermia, with undiluted whole blood cardioplegia. Ventricular septal defect closure and infundibular resection were performed via a transatrial approach in all children. Patients with a pulmonary valve annulus diameter Z-score lower than −2 underwent right ventricular outflow tract reconstruction with a transannular patch, extending onto the proximal left and/or right pulmonary artery in case of hypoplasia, with no pulmonary valve replacement at the time of repair.
Statistical analyses
Continuous data are expressed as means ± SD. Contingency tables were analysed for association using the χ 2 or Fisher's exact test (when appropriate). Continuous variables were compared with the appropriate two-sample unpaired test: an unpaired Student's t-test when the variable distribution was symmetric and a MannWhitney test otherwise. A value of P < 0.05 was considered statistically significant.
RESULTS

Preoperative characteristics
Preoperative characteristics are summarized in Table 1 . There were 47 foreign children [25 (53%) male] and 90 French children [53 (59%) male]. Foreign children were significantly older than French children. They had more severe growth retardation and were more symptomatic. Their oxygen saturation was lower, resulting in more severe polycythaemia.
Previous palliative procedures were performed in only 1 foreign child (BT shunt) vs 16 French children (10 underwent a BT shunt, 5 underwent a percutaneous pulmonary outflow tract balloon dilatation and 1 underwent both).
Overall, pulmonary artery dimensions (pulmonary valve annulus Z-score and right and left pulmonary artery branch Z-scores) did not differ significantly between the two groups. Large aorto-pulmonary collateral vessels were observed in 2 foreign children with severe diffuse pulmonary artery hypoplasia versus none in French children. In addition, left ventricular ejection fraction (LVEF) was significantly lower in the foreign children than in the French ones. 
Operative characteristics
Operative characteristics are summarized in Table 2 . Mean total pulmonary bypass time for repair and mean cross-clamp time did not differ between the two groups, although the latter tended to be longer in the French children. The need for a transannular patch was similar in the two groups, as was the need for branch pulmonary arterioplasty. Three children (1 foreign and 2 French) had an abnormal anterior descending coronary system, which did not preclude successful transatrial repair. No conduits were used in association with coronary anomalies.
Postoperative characteristics
Postoperative outcome data are given in Table 3 . There was no difference in the incidence of arrhythmia, sepsis, surgical revision, requirement for extracorporeal membrane oxygenation and bleeding. A massive episode of pulmonary haemorrhage occurred 7 days after surgery in a 3-year-old foreign girl. The bleeding was stopped by percutaneous embolization of a large bronchial artery and further course was uneventful. Emergency placement of a valved pulmonary conduit was required in 4 patients: twice for residual stenosis of the right ventricular outflow tract (both foreign patients, aged 3 and 7), and twice for poorly tolerated pulmonary insufficiency with right ventricular failure (one 4-year-old foreign patient and one 9-month-old French patient). Pacemaker implantation for permanent complete atrio-ventricular block was necessary only in 1 foreign patient, not in any French patient. Regarding perioperative management, foreign patients spent less time on inotrope therapy, but, unlike French patients, most of them still needed diuretics at discharge. Pleural and/or pericardial effusions were twice as frequent in the foreign group (36 vs 17%, P = 0.02). Although most of these effusions regressed on prolonged diuretic therapy, a few patients had to be rehospitalized for centesis. One of them, a 3-year-old boy, was readmitted in the emergency room for a particularly severe and abrupt episode of pleural and pericardial tamponade, 12 days after the repair and 48 h after an ambulatory echocardiogram had showed only minimal pericardial effusion. He rapidly went into cardiac arrest, requiring emergent centesis and extracorporeal cardiopulmonary resuscitation. Full cardiac and neurological recovery was achieved in 2 weeks.
Overall, the proportion of patients who did not have any complication at all was similar in the two groups (36% in the foreign group and 46% in the French group).
Duration of mechanical ventilation, time on inotropic drugs and length of stay in the intensive care unit and in the hospital were shorter in foreign than in French patients. After discharge, during the remaining few weeks of their stay in France, the functional status of the patients was greatly improved according to their foster families.
Mortality did not differ between the two groups: 2 foreign patients and 2 French patients. The first foreign patient was a 20-month-old girl. She suffered from severe postoperative right ventricular failure due to residual diffuse distal pulmonary artery stenoses. She died after an unsuccessful attempt at weaning off ECMO 48 h after the repair. The second foreign patient was a 5-year-old boy who died of an irretrievable cardiac arrest 6 h after surgery. He had severe polycythaemia (haematocrit 72%). He had already been successfully resuscitated from a first cardiac arrest during a preoperative cardiac catheterization 5 days before surgery. The catheterization had shown diffuse pulmonary artery hypoplasia, severe stenosis of the origin of the left pulmonary artery and a large collateral vessel between the descending aorta and the left pulmonary artery (ligated at the time of surgery). Serial blood electrolyte measurements during his preoperative hospitalization repeatedly showed hyperkalaemia with normal renal function. However, haemolysis prevented accurate kalaemia assessment in the last hours before the cardiac arrest, during which the patient had been in anuria. The first French patient, a 5-month-old boy, died 8 days after the surgery of multiple organ failure secondary to irretrievable right ventricular failure, despite successful transcatheter relief of a severe residual left pulmonary artery stenosis. The second French patient, a 6-month-old infant boy, had an unexplained 15-min cardiac arrest 18 h after surgery. The cardiac arrest occurred suddenly during an endotracheal suction, whereas the first hours after surgery had been uneventful and routine laboratory tests ( pH, blood gases and lactate and serum electrolyte measurements) performed 30 min earlier were unremarkable. Although successfully resuscitated, he then presented multiple organ failure and severe neurological lesions. He died 7 days later after a concerted care withdrawal decision. 
DISCUSSION
We found that late complete repair of TOF is feasible in paediatric patients from developing countries with no significant difference in postoperative morbidity and mortality compared with that of timely repair in infancy. Moreover, the older age of these patients enabled us to decrease the durations of mechanical ventilation, stay in the ICU and in the hospital, although their nutritional and cardiovascular status of foreign patients was significantly worse, and despite a higher incidence of pleural/pericardial effusion. We compared two groups of patients who differed by the age at which repair was performed. The foreign patients who underwent surgery at a later age had a more severe condition, presumably due to more prolonged hypoxia, causing growth retardation, polycythaemia and left ventricular dysfunction. Borow et al. [5] have reported an impaired left ventricular response to afterload stress in patients who underwent repair of TOF after 2 years of age compared with patients who underwent repair before 2 years of age. The anatomical features with regard to the right ventricular outflow tract obstruction were similar in the two groups, based on pulmonary valve annulus and pulmonary artery branch Z-scores. However, the children from developing countries were selected in at least two ways: they have survived for a longer time with unrepaired TOF (only one had had palliative surgery), and they had been selected as suitable candidates for complete repair by the non-governmental organizations. In contrast, in the French group, 10 patients underwent a BT shunt, 5 underwent pulmonary balloon dilatation and 1 underwent both. The proportion of French infants who had a BT shunt might seem surprisingly high. It should be emphasized that the protocol at our institution shifted during the study period. Until 2010, infants under 6 months of age who had cyanotic spells underwent an urgent BT shunt. Later on, they underwent primary complete repair.
A later age at surgery does have significant consequences. Malnutrition is one of them, as shown by a lower body mass index Z-score in our patients, in accordance with the findings of Okoromah et al. [6] , who reported a higher incidence of wasting, or chronic malnutrition, in Nigerian children with cyanotic heart defects. Regarding the cardiac consequences of late repair, advanced hypertrophy of the right ventricle in older patients might impair right ventricular diastolic function. We did not assess right ventricular diastolic physiology in our study, but it is possible that restrictive right ventricular physiology was more frequent in the foreign group than in the French one. Indeed, restrictive right ventricular physiology can be observed in the early postoperative period, more frequently in older patients [7] . It may also indirectly affect left ventricular filling [8] . In that situation, optimization of right ventricular loading conditions is of crucial importance in the early postoperative period. Rapid extubation to decrease intrathoracic pressures should therefore be considered as soon as possible. The higher incidence of pleural and/or pericardial effusion observed in foreign patients probably reflects more severe congestive heart failure after surgery, as suggested by their usually favourable outcome on diuretics. Special care should be taken to avoid volume overload in these patients, and not to discontinue diuretics too rapidly.
The majority of the foreign children had some degree of polycythaemia. Although we did not observe any complication such as strokes, polycythaemia might have been involved in the fatal cardiac arrest that occurred in the 5-year-old boy a few hours after surgery. This child had anuria at the time of cardiac arrest, possibly due to acute kidney injury aggravating a chronic kidney condition. We speculate that the cardiac arrest might have been caused by hyperkalaemia, resulting from both haemolysis and anuria. There is increasing awareness that polycythaemia and hyperviscosity in patients with cyanotic congenital heart disease cause chronic glomerulopathy with decreased renal perfusion, compensated at the early stage of the disease by increased filtration fraction [9] .
The results of late surgical treatment of TOF have been reported in previous studies. In one of them, the population was similar to ours, that is, 22 paediatric patients from a developing country [10] . In contrast to our study, they underwent complete repair in their native country (Cameroon) at an older age (9.18 ± 6.5 years). Similarly to ours, the authors observed a relatively high incidence (32%) of pericardial and pleural effusion, and good final results in the survivors. However, mortality was quite high (9%), due to severe uncontrolled bleeding from aorto-pulmonary collaterals in 2 patients. We also observed 1 case of massive pulmonary haemorrhage requiring transcatheter embolization. After this episode that occurred early in our experience, we performed a preoperative CT scan or cardiac catheterization whenever we had a doubt regarding the presence of aorto-pulmonary collaterals, especially when a child's saturation was normal or subnormal despite severe infundibular and/or pulmonary artery stenosis. The other studies reporting the outcome of late surgical repair of TOF concern adult patients [11] [12] [13] [14] . Those studies confirmed that surgical repair of TOF beyond childhood is feasible and improves functional status, but with high hospital mortality, ranging from 6 to 19%, due to strokes and arrhythmias.
This study has several limitations. First, the number of patients is relatively limited. Therefore, we cannot draw any definitive conclusion regarding the outcomes, because our study may have been underpowered to detect differences between the two populations. Secondly, we only looked at short-term outcomes. Indeed, foreign patients go back to their countries a few weeks after repair and it is then very difficult to gather information about long-term outcome. Obviously, the long-term consequences of pulmonary valve regurgitation could be an issue in these patients. In addition, it would have been interesting to know whether normal growth was restored once TOF was repaired.
CONCLUSION
In our experience, late repair of TOF was undertaken during childhood in patients from developing countries with no significant difference in postoperative morbidity and mortality compared with that of elective repair in infancy. However, prolonged exposure to hypoxia makes those children more symptomatic and growth retarded. Mechanical ventilation duration should be kept as short as possible to decrease intrathoracic pressure in those patients with impaired right ventricular filling due to hypertrophy and fibrosis. Furthermore, discontinuation of diuretics should be progressive and closely monitored by ultrasound detection of pleural and pericardial effusions.
